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Where E (n) is the n th -order correction to the correlation energy. The second-order correction (E (2) ) can be further partitioned into:
Where E SS and E OS are the same-and opposite-spin contributions to the MP2 correlation energy, respectively. A number of MP2-based methods have been developed over the past decade [1] , in which the various correlation contributions are scaled by empirically or theoretically motivated scaling factors in order to improve the performance of the method.
The first modified MP2-based procedure (SCS-MP2) was proposed by Grimme [2, 3] . In this procedure the same-and opposite-spin components of the MP2 correlation energy are scaled separately by coefficients of c ss = 1/3 and c os = 6/5, respectively. This significantly improves the performance of MP2 for thermochemistry [2, 4] . For example, for the set of 51 reactions against which the SCS-MP2 method was initially benchmarked, this simple scaling procedure reduces the root-mean-square deviation (RMSD) by 50%, from 19.3 (MP2) to 9.6 kJ mol -1 (SCS-MP2).
More recently, the SCS-MP2 procedure was benchmarked against an extensive set of reaction energies including isomerization, Dies-Alder, and ozonolyses reactions, which are subsets of the GMTKN30 database [5, 6] . Against these benchmark sets, the SCS-MP2 method obtains a weighted total mean absolute deviation (WTMAD) of 7.5 kJ mol -1 , while MP2 results in a WTMAD which is roughly twice as large (namely, 15.1 kJ mol -1 ) [1, 5] . However, for the subsets of basic properties of the GMTKN30 database, which includes atomization energies, electron affinities, ionization potentials, proton affinities, and barrier heights [5, 6] , the WTMAD of SCS-MP2 (21.3) is only 11% smaller than that of MP2 (23.8 kJ mol -1 ) [1] .
We note in passing that Grimme also showed that the performance for both SCS-MP2 and MP2 can be significantly improved for heats of formation of large main group compounds by using an empirical higher-level-correction scheme [7] . Similarly, for the set of C 8 H 8 isomerization energies, SCS-MP2 represents an appreciable improvement over MP2 with RMSDs of 7.9 and 13.4 kJ mol -1 , respectively [8] . Izgorodina et al. evaluated the performance of MP2-based methods for the prediction of a range of C-X (X = H, C, O, and F) bond dissociation energies (BDEs) [9] . They found that the SCS-MP2 method results in a mean absolute deviation (MAD) of 8.7 kJ mol -1 , which provides a significant improvement over MP2 for which an MAD of 19.6 kJ mol -1 is obtained. The SCS-MP2 procedure was also found to give excellent performance for the dispersion-driven isomerization reaction from noctane to hexamethylethane [10, 11] . The SCS-MP2 isomerization energy (-5.6 kJ mol -1 ) is in good agreement with the experimental value of -7.9 kJ mol -1 , while the MP2 method predicts an isomerization energy of -18.1 kJ mol -1 [10] .
We have recently assessed the performance of the SCS-MP2 method for isomerization reactions involving migration of a double bond, which breaks the conjugated π-system [12, 13] .
For the set of 60 diene isomerization energies (the so-called DIE60 database), SCS-MP2 attains a stellar performance with an RMSD of merely 1.0 kJ mol -1 , while MP2 results in a larger RMSD of 2.7 kJ mol -1 [12] . Similar results were obtained for isomerization reactions in enones (i.e., the EIE22 database) [13] . In addition, for the relative energies of the 52 conformers of melatonin, SCS-MP2 yields superb performance with an RMSD of 0.9 kJ mol -1 , while MP2 results in an RMSD of 3.8 kJ mol -1 [14] .
What about the performance of the SCS-MP2 method for reaction barrier heights? For the set of 26 pericyclic reactions in the BHPERI database [5, 6] , the SCS-MP2 method gives an RMSD of 5.9 kJ mol -1 . This represents a significant improvement over the MP2 method, which results in a whopping RMSD of 33.5 kJ mol -1 [15] . However, for other benchmark sets of reaction barrier heights, less dramatic improvements are obtained. For the set of 20 cycloreversion barrier heights in the CRBH20 database [16] , the SCS-MP2 and MP2 methods result in RMSDs of 17.2 and 23.7 kJ mol -1 , respectively. For the set of 27 reactions in the water-catalyzed proton-transfer (WCPT) tautomerization database [17] , SCS-MP2 and MP2
provide similar performance with MADs of 9.0 and 9.9 kJ mol -1 , respectively. It should be pointed out that for this database MP2 systematically underestimates the reaction barrier heights, while SCS-MP2 systematically overestimates them. Similarly, for the set of reaction barrier heights for multiple proton exchanges in water clusters in the BHPE13 database [18] SCS-MP2 and MP2 show similar performance with MADs of 15.5 and 14.6 kJ mol -1 , respectively. Where again, MP2 systematically underestimates the reaction barrier heights and SCS-MP2 systematically overestimates them.
Shortly after the development of the SCS-MP2 method, Head-Gordon et al. proposed the SOS-MP2 method [19] . SOS-MP2 completely neglects the same-spin contribution to the MP2 correlation energy (with c ss = 0), while the opposite-spin contribution is scaled by c os = 1.3. The SOS-MP2 method generally shows similar performance to the SCS-MP2 procedure for thermochemical properties [1, 7, 9, 19] at an appreciable reduction of the computational cost (the SOS-MP2 method exhibits asymptotic CPU time scaling proportional to n 4 , while SCS-MP2 and MP2 exhibit asymptotic CPU time scaling proportional to n 5 , where n is the number of electrons in the system). In this context, the work of Fink on the S2-MP2 method must also be mentioned. The S2-MP2 method uses same-and opposite-spin scaling factors of c ss = 0.75 and c os = 1.15 respectively, which are motivated theoretically by Feenberg's scaling approach [20] . It has been shown that the S2-MP2 procedure gives poorer performance for atomization energies (with an MAD of 49.4 kJ mol -1 ) than the MP2 procedure (MAD = 36.4 kJ mol -1 ).
However, for the reaction energies subset in the GMTKN30 database, S2-MP2 yields a WTMAD of 10.9 kJ mol -1 which lies midway between SCS-MP2 (7.5) and MP2 (15.1 kJ
MP3-based procedures.
The first modified MP3-based procedure (SCS-MP3) was developed by Grimme shortly after the development of the SCS-MP2 procedure [21] . In this procedure a scaled third-order correction is added to the SCS-MP2 energy:
Where the 3 rd -order correction to the correlation energy (E (3) ) is scaled by a coefficient of 0.25.
The SCS-MP3 procedure was initially assessed against a benchmark set of 32 isogyric reaction energies, 11 atomization energies, and 11 stretched geometries. In all cases, SCS- However, for a number of benchmark sets the SCS-MP3 and SCS-MP2 methods have been found to give similar performance. These include the following databases (RMSDs for SCS-MP3 and SCS-MP2 are given in parenthesis, respectively): the set of C 8 H 8 isomerization energies (7.1 and 7.9) [8] , the DIE60 database (0.9 and 1.0) [12] , and the EIE22 database ( 
MP2.5 has been initially tested for the 22 H-bonded, dispersion-controlled, and mixed noncovalent complexes in the S22 database [23] . It was shown that the performance of MP2.5 is superior to the spin-component scaled MP2-based methods, e.g. SCS-MP2 and SCS(MI)-MP2 [22, 24] . The MP2.5 procedure results in an RMSD of merely 1.0 kJ mol -1 for the S22 database (cf. RMSDs of 5.1 for MP2, 3.4 for MP3, and 3.1 for SCS(MI)-MP2). The MP2.5
procedure also provides excellent performance for the database of barrier heights involving multiple proton exchanges in water clusters, with an overall RMSD of merely 2.1 kJ mol -1 (cf.
RMSDs of 16.4 kJ mol -1 for SCS-MP2 and 24.8 kJ mol -1 for SCS-MP3) [18] . This outstanding performance is due to the fact that MP2 systematically underestimates the barrier heights, while MP3 systematically overestimates them by similar amounts. However, for other databases of barrier heights, e.g., the CRBH20 [16] and BHPERI databases [15] , MP2.5 provides no significant improvement over SCS-MP2 and SCS-MP3.
MP4-based procedures.
Two MP4-based procedures have been recently proposed, MP3.5 and MP4 avg [15, 16, 25] . The MP3.5 procedure is a simple arithmetic average of the MP3 and MP4 methods:
The motivation for the MP3.5 method is similar to that for the MP2.5 procedure, namely, the oscillatory behavior that the MPn series exhibits for a number of chemical properties. For example, it has been found that for some thermochemical properties (such as the isomerization energies in the DIE60 and EIE22 databases [12, 13] and N-Br bond dissociation energies [26] MP2 and MP4 tend to systematically overestimate the CCSD(T)/CBS reference values, whilst MP3 tends to systematically underestimate them. On the other hand, for some reaction barrier heights (e.g., in the BHPERI, WCPT27, and BHPE13 databases [15, 17, 18] the reverse oscillatory trend is observed. Namely, the MP2 and MP4 methods systematically underestimate the CCSD(T)/CBS reference values, whilst MP3 systematically overestimates them. The oscillatory behavior of the MPn series is normally characterized by smaller oscillations as n increases. We note that this oscillatory behavior has also been previously observed for weak interactions [1, 22, 27] . In the present work, we find that this oscillatory behavior is also true for other thermochemical and kinetic datasets, e.g. the atomization energies in the W4-11 dataset, the isomerization energies in the H x C y O z dataset, and the catalyzed reaction barrier heights in the IACBH8 dataset. Figure 1 illustrates the oscillatory behavior for the MPn series (n = 2, 3, and 4) for the isomerization energies in the H x C y O z and DIE60 databases, as well as for the reaction barrier heights in the BHPE13 and WCPT27
databases. [28, 29] :
The development of this method was motivated by the systematic tendency of MP4(SDTQ) to underestimate the reaction barrier heights in the CRBH20 database, and the tendency of MP4(SDQ) to systematically overestimate them by similar amounts [16] . Consequently, the MP4 avg method results in a near-zero mean signed deviation (MSD) of -0.4 kJ mol -1 and an RMSD of 2.5 kJ mol -1 for this database. It was later found that MP4 avg also gives relatively good performance for N-Br bond dissociation energies due to the tendency of MP4(SDTQ) and MP4(SDQ) to err on different sides of the CCSD(T)/CBS reference values [26] .
The MP3.5 method has been found to give excellent performance for the barrier heights in the BHPERI database with an RMSD of merely 2.5 kJ mol -1 . However, for the barrier heights in the CRBH20 database, it results in a rather disappointing RMSD of 11.3 kJ mol -1 .
The MP4 avg procedure, on the other hand, has been found to give superb performance for the barrier heights in both of the BHPERI and CRBH20 databases with RMSDs of 2.5 and 2.1 kJ mol -1 , respectively [15, 16] .
Despite the above-mentioned evidence for the promising performance of these MP4-based procedures, their performance has not been extensively benchmarked. One of the main goals of the present work is to benchmark the performance of the MP4-based procedures for a wide range of thermochemical and kinetic properties, and to compare their performance to that of the lower-cost MP2-and MP3-based procedures.
Databases
We evaluate the performance of the modified MPn-based procedures (n = 2, 3, and 4)
for a wide range of thermochemical and kinetic properties for which CCSD(T)/CBS reference values are available (coupled cluster with single, double, and quasiperturbative triple excitations extrapolated to the complete basis set limit). For this purpose we use a suite of 11 databases including atomization energies, isomerization energies, conformational energies, and reaction barrier heights [8, 12, 13, 17, 18, 30] [31] [32] [33] [34] [35] [36] . Table 1 gives an overview of the benchmark databases employed in this work. All the reference energies are obtained at the CCSD(T)/CBS level of theory with only valence electrons correlated (i.e., where needed zeropoint vibrational energies, core-valence, and relativistic contributions are excluded from the reference values). [36] . Overall, this database includes 109 accurate structural isomerization energies, which are calculated at the CCSD(T)/CBS level by means of the W2-F12 thermochemical protocol [39] .
2.2.3
The DIE60 dataset. This database includes 60 isomerization reactions which involve a migration of one double bond that breaks the conjugated π-system [12] . The reactions in the 
The EIE22 dataset. The EIE22 database is comprised of 22 prototypical isomerization reactions of the type [conjugated
All the reactions from the EIE22 dataset involve a migration of one double bond, which breaks the conjugated π-system. This dataset can be viewed as an extension of the DIE60 dataset, which only contains hydrocarbons. The considered enecarbonyls involve a range of common functional groups (e.g. CH 3 , NH 2 , OCH 3 , F, and CN). Accurate isomerization energies are obtained at the complete basis-set limit CCSD(T) level by means of the highlevel W1-F12 thermochemical protocol [39] .
Conformational energies
2.3.1 The C n H 2n+2 conformers dataset. This database of conformational C n H 2n+2 alkane isomers (n = 4-6) contains 18 conformational energies of n-butane, n-pentane, and n-hexane [32] . Reference conformational energies are obtained by the W1h thermochemical procedure [40] .
The tetrapeptide conformers dataset.
This database includes 10 conformers of the ACE-ALA-GLY-ALA-NME and ACE-ALA-SER-ALA-NME tetrapeptide. ALA is alanine, GLY is glycine, and SER is serine. ACE and NME stand for acetyl and methylamide groups [41] . For each peptide, five conformers have been examined, i.e. parallel (β) and anti-parallel (β a ) β-sheets, right-handed (α R ) and left-handed (α L ) α-helices, and polyproline-II (PP-II) helix.
Reference conformational energies are obtained via the CCSD(T)/CBS ≈ CCSD(T)/cc-pVDZ + MP2/CBS -MP2/cc-pVDZ method, where the MP2/CBS energy is extrapolated to the complete basis-set limit from the cc-pVTZ and cc-pVQZ basis sets [33] . 4 , and H 2 SO 4 ), formic acid, and water [36] . The reference reaction barrier heights are obtained by means of the W1-F12 thermochemical protocol [39] .
Reaction barrier heights

The BHPE13 dataset.
This database contains 13 barrier heights for proton exchange in small (H 2 O) n clusters (n = 2-6), (NH 3 ) n clusters (n = 2-4), and (HF) n clusters (n = 2-6) [18] .
The reference reaction barrier heights are obtained by means of the W1-F12 thermochemical protocol [39] .
2.4.3
The WCPT27 dataset. This database contains 27 accurate reaction barrier heights for a set of nine proton-transfer tautomerization reactions that are either uncatalyzed, catalyzed by one water molecule, or catalyzed by two water molecules [17] . The reaction barrier heights are obtained by means of the high-level W2.2 [40] or W1 [42] thermochemical procedures.
The BH76 dataset. This database contains two subsets of reaction barrier heights:
HTBH38 and NHTBH38. The HTBH38 set consists of 38 reaction barrier heights of hydrogen transfer reactions, whilst the NHTBH38 set consists of 12 heavy-atom transfer reactions (HATBH12), 16 nucleophilic substitution reactions (NSBH16), 10 unimolecular and association reactions (UABH10) [35] . The reference reaction barrier heights are obtained by means of the W1 thermochemical protocol [40] .
Computational details
All the calculations were carried out using the Molpro 2012.1 program suite [43, 44] , except for the W4-11 and BH76 databases where all the calculations were performed with the Gaussian 09 program suite [45] . We consider Dunning's A'VnZ basis sets (n = D, T, Q, and 5)
for evaluating the basis set effects. The notation A'VnZ indicates the combination of the standard correlation-consistent cc-pVnZ basis sets on H [46] , the aug-cc-pVnZ basis sets on first-row atoms [47] , and the aug-cc-pV(n+d)Z basis sets on second-row atoms [48] . For the DIE60, C n H 2n+2 conformers, and tetrapeptide conformers datastes, we only consider the ccpVnZ basis sets (n = D, T, and Q). The reference geometries and reference reaction energies and barrier heights for all the datasets are taken from the literature (see Table 1 ). The ab initio procedures considered in the present study are MP2, SCS-MP2 [2] , MP2.5 [22] , MP3, MP3.5 [15] , SCS-MP3 [21] , MP4(SDQ), MP4, MP4 avg [16] , CCSD, SCS-CCSD [49] , and CCSD(T).
Unless otherwise mentioned, the performance of the MP2-and MP3-based methods is evaluated in conjunction with the A'VnZ or cc-pVnZ (n = T and Q) basis sets, whereas the performance of the computationally more expensive MP4-based and coupled cluster procedures is evaluated in conjunction with the A'VTZ or cc-pVTZ basis set.
We also evaluate the performance of the cost-effective CCSD(T)/CBS(MP2) method.
In this approach the CCSD(T)/CBS energy is estimated from the CCSD(T)/A'VDZ energy and
an MP2-based basis-set-correction term (∆MP2 = MP2/A'V{T,Q}Z -MP2/ A'VDZ, where the MP2/A'V{T,Q}Z energy is extrapolated to the basis-set limit with an extrapolation exponent of 3) [50] . This additivity scheme has been shown to give good performance for noncovalent interactions [33, [51] [52] [53] , reaction energies [12, 54] , and reaction barrier heights [15, 16] . Here we will assess the performance of this cost-effective method for a more extensive set of thermochemical and kinetic data. Table 2 gives an overview of the performance of the standard and modified ab initio methods for the atomization energies in the W4-11 dataset. As expected, the W4-11 database is an extremely challenging test for all the considered MPn-based methods, with RMSDs ranging between 13.3 (MP2.5) and 52.1 kJ mol -1 (SCS-MP2) in conjunction with the A'V5Z basis set. In the following discussion we will use the results obtained with the A'V5Z basis set for the MPn-based methods, and the A'VQZ basis set for the coupled cluster methods. between these basis sets are smaller than 1.0 kJ mol -1 . In the following discussion, we will focus on the performance of the MP2-and MP3-based procedures in conjunction with the A'VQZ basis set, whilst the performance of the rest of the methods is evaluated with the A'VTZ basis set. , while the MP4 procedure shows better performance with an RMSD of 6.0 kJ mol We now turn our attention to the performance of ab initio procedures for the H x C y O z isomers database. Table 4 gives an overview of the performance of the MPn-based and As shown in Table 4 (Table 4 ). Finally we note that the CCSD(T)/CBS(MP2) method provides superb performance with an RMSD of merely 1.1 kJ mol -1 .
Performance for isomerization reactions involving double-bond migration (DIE60 and EIE22 databases).
In this subsection we consider the DIE60 and EIE22 databases of isomerization reactions that involve a migration of one double bond that breaks the π-conjugated system. With the exception of the newly proposed MP4-based methods (MP3.5
and MP4 avg ), all the examined methods have been previously assessed for these two databases [12, 13] . However, for the sake of making the article self-contained, we will describe the performance of all the examined methods. Table 5 gives an overview of the performance of the examined ab initio methods for the DIE60 dataset. We start by noting that practically all the ab initio procedures converge relatively smoothly and rapidly to the basis set limit. For example, for the methods for which we have both cc-pVQZ and cc-pVTZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3), the differences in the overall RMSDs (in absolute value) between these two basis sets are equal to or smaller than 0.1 kJ mol -1 , whilst the differences in the overall RMSDs between the cc-pVDZ and cc-pVQZ basis sets are equal to (or smaller than) 0.7 kJ mol -1 (see Table S5 , Supplementary data). Thus, for these reactions even the cc-pVDZ basis set gives results that are close to the basis set limit. Since we do not have the results for the coupled cluster methods with the cc-pVQZ basis set, we will concentrate on the results with the cc-pVTZ basis set in the following text. We now turn our attention to the EIE22 database. In contrast to the DIE60 dataset which only involves hydrocarbons, the performance of the ab initio methods for the EIE22 dataset is evaluated in conjunction with the A'VTZ basis sets since this database involves polar bonds. Table 6 lists the RMSDs, MADs, and MSDs for the EIE22 dataset for the examined methods. Practically all the tested methods converge fairly rapidly to the basis-set limit. For instance, for the methods for which we have both A'VTZ and A'VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3), the differences in the RMSDs (in absolute value) between these two basis sets are smaller than or equal to 0.1 kJ mol -1
. Here we focus on the performance of all the methods with the A'VTZ basis set. 
Performance for conformational energies in C n H 2n+2 and tetrapeptide systems.
From the electronic structure point of view, conformational energies are generally easier to calculate than the isomerization energies discussed in Sections 4.1.2 and 4.1.3 since they do not involve breaking and forming of covalent bonds. In this section we will consider two datasets of conformers, namely, dispersion-driven conformational energies in C n H 2n+2 (n = 4-6) hydrocarbons [32] and conformational energies in tetrapeptides [33] . Table 7 gives an overview of the performance of the standard and modified ab initio procedures for the C n H 2n+2 conformational energies. The performance of the MP2-based methods (MP2 and SCS-MP2) is assessed in conjunction with the cc-pVTZ and cc-pVQZ basis sets, whilst the performance of the rest of the methods is evaluated in conjunction with the cc-pVTZ basis set. In the following discussion we will use the results obtained with the ccpVTZ basis set for all the examined methods. by the near-zero MSDs, suggesting that they are free of systematic bias.
The CCSD method represents poor performance relative to the MP4-based procedures, attaining an RMSD of 0.69 kJ mol -1 . The SCS-CCSD procedure results in a similar RMSD.
Finally, we note that the CCSD(T)/CBS(MP2) method provides similar performance to the MP3.5 and MP4 avg procedures with an RMSD of 0.14 kJ mol -1 .
We now turn our attention to the performance of the ab initio methods for the tetrapeptide conformers (Table 8 ). Due to the large sizes of the tetrapeptides, we were only able to perform the MP2-and MP3-based calculations in conjunction with the cc-pVTZ basis set. Table S8 of the Supplementary data gives the results for all the methods in conjunction with the cc-pVDZ basis set. However, as pointed out in reference [33] , this basis set is too small for adequately describing the H-bonds in these systems, and these results will not be discussed here. Suffice to say that all the considered methods perform poorly in conjunction with the cc-pVDZ basis set with RMSDs ranging between 8.9 (MP3) and 14.7 kJ mol -1 (MP4). Except for the MP2 method, which exhibits a particularly strong basis set dependence for [33] , all the methods perform reasonably well in conjunction with the cc-pVTZ basis set, 
Performance of standard and modified ab initio procedures for reaction barrier heights
Now we turn our attention to the performance of standard and modified ab initio methods for reaction barrier heights. We have previously found that the MP4 avg and CCSD(T)/CBS(MP2) methods give very good performance for the CRBH20 dataset [16] . In particular, in conjunction with the A'VTZ basis set these methods attain RMSDs of 2.1 and 1.7 kJ mol -1 , respectively, compared to RMSDs of 11.3 (MP3.5), 6.1 (MP4), and 5.0 kJ mol -1
(CCSD(T)) in conjunction with the same basis set [16] . We note however, that for the reaction barrier heights in the BHPERI database, MP3.5 was found to significantly outperform all the other MPn-based procedures with an overall RMSD of 2.5 kJ mol -1 [15] . It is therefore of interest to evaluate the performance of the modified MP4-based procedures for a wider range of reaction barrier heights. Table 9 gathers the RMSDs, MADs, and MSDs for the IACBH8 dataset. We note that for the methods for which we have both A'VTZ and A'VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3) the differences in the overall RMSDs between these two basis sets are smaller than (or equal to) 2.0 kJ mol -1 (in absolute value). 
Performance for barrier heights of reactions catalyzed by inorganic acids (IACBH8 database).
Performance for barrier heights of proton-exchange reactions in NH 3 , H 2 O, and
HF clusters (BHPE13 database). Table 10 lists the error statistics for the BHPE13 database, which is divided into three subsets of barrier heights, namely the NH 3 , H 2 O, and HF clusters.
We start by noting that for the methods for which we have both A'VTZ and A'VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3) the differences in the overall RMSDs of the whole BHPE13 database between these two basis sets are smaller than 3.2 kJ mol -1 . For nearly all the MPn-based methods the A'VTZ basis set performs slightly better than the A'VQZ basis set (relative to the W1-F12 reference values). In the following discussion, we will use the A'VTZ basis set results to assess the performance of all the considered methods for the entire BHPE13 dataset and its three subsets. Inspection of Table 10 We now move to the performance of the standard and modified ab initio procedures for the barrier heights in the three subsets of the BHPE13 database. We begin by noting that the 
Performance for barrier heights of water-catalyzed proton-transfer reactions
(WCPT27 database). Table 11 gives error statistics for the overall WCPT27 dataset as well as its three subsets: uncatalyzed reactions (denoted as uncat), reactions catalyzed by one water molecule (denoted as 1H 2 O cat), and reactions catalyzed by two water molecules (denoted as 2H 2 O cat). Firstly, we note that for the methods for which we have both A'VTZ and A'VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3) the differences in the RMSDs of the whole WCPT27 database between these two basis sets are less than 0.9 kJ mol -1 . In the following text, we will use the results of the A'VTZ basis set to assess the performance of the computational methods for the WCPT27 dataset and its three subsets. 
Performance for barrier heights of hydrogen-transfer and nonhydrogen-transfer reactions (BH76 database).
We also evaluate the performance of standard and modified ab initio methods for the reaction barrier heights in the BH76 database. Table 12 gives an overview of the performance of the examined methods in conjunction with the A'VQZ basis sets for the BH76 database and its two subsets (HTBH38 and NHTBH38) [35] . Table S12 (Supplementary data) gives an overview of the basis set convergence for the BH76 database with the A'VnZ basis sets (n = D and T). We note that practically all the MPn-based methods converge rapidly to the basis set limit. For example, the differences in RMSDs for the overall BH76 database between the A'VTZ and A'VQZ basis sets for the MPn-based methods (except for MP2, for which the difference is 1.0 kJ mol -1 ) are equal to or smaller than 0.4 kJ mol -1 (in absolute value). Inspection of Table 12 reveals that the whole BH76 database is a challenging test for all the considered MPn-based methods, with RMSDs ranging between 7.9 (MP4) and 21. 
Overview of the performance of the modified MPn procedures for thermochemical and kinetic properties
In order to compare the overall performance of the various MPn-based procedures over a range of databases it is useful to define a weighted total root mean square deviation (WTRMSD), which combines the RMSDs for all the databases into a single RMSD for each method. We note that the W4-11 and BH76 databases have been excluded from this statistical analysis since many of the MPn-based procedures show poor performance for these datasets (see above). We will use a similar approach to that used by Goerigk and Grimme [5, 55] .
Namely, the WTRMSD is taken as:
Since some of the chemical properties (e.g., reaction barrier heights) are more challenging than others (e.g., conformational and isomerization energies), this equation takes into account the relative difficulty of each database as the ratio between the RMSDs for the MP2 and MP4 methods. However, we note that removing this ratio from equation (7) has a very small effect on the final WTRMSDs, in particular they change by less than 0.2 kJ mol -1 . The WTRMSDs (without the challenging W4-11 and BH76 datasets) are summarized in Figure 2 , whilst the WTRMSDs with the W4-11 and BH76 datasets are listed in Table S13 (Supplementary data). 
Conclusions
We have assessed the performance of standard and modified ab initio methods for a wide range of thermochemical and kinetic properties including atomization energies, shows good performance with an RMSD of 3.8 kJ mol -1 .
• MP2.5 in conjunction with the A'VTZ or cc-pVTZ basis set performs very well for isomerization and conformational energies and obtains RMSDs of 4.0 (H x C y O z isomers), 1.1 (DIE60 isomers), 0.7 (EIE22 isomers), 0.19 (C n H 2n+2 conformers), and 2.7 kJ mol -1 (tetrapeptide conformers).
• The modified MP4-based method, MP3.5, provides superb performance for all of the tested thermochemical properties (apart from atomization energies). The following isomers), 0.5 (DIE60 and EIE22 isomers), and 0.15 kJ mol -1 (C n H 2n+2 conformers).
The MP4 avg method gives slightly higher RMSDs for the abovementioned databases.
• With no exceptions, the cost-effective CCSD(T)/CBS(MP2) approach shows excellent performance for all the considered datasets, resulting in RMSDs between 0.14 (C n H 2n+2 conformers) and 3.8 kJ mol -1 (W4-11 dataset).
With regards to the performance of the standard and modified ab initio methods for reaction barrier heights, we draw the following conclusions:
• The BH76 database is a challenging test for all the MPn-based methods. The RMSDs for this database range between 7.9 (MP4) and 21.6 kJ mol -1 (SCS-MP3).
• The MP2.5 method in conjunction with the A'VTZ basis set performs very well for the reaction barrier heights of proton-transfer or proton-exchange reactions, with RMSDs of 3.2 (IACBH8), 2.4 (BHPE13), and 2.8 kJ mol -1 (WCPT27). The MP3.5 and MP4 avg methods also show good performances for these databases, albeit at a higher computational cost.
• MP3 and its spin-components scaled procedure SCS-MP3 in conjunction with the A'VTZ basis set give poor performance for the proton-transfer and proton-exchange reactions, with RMSDs ranging from 12.8 (MP3 for the WCPT27 dataset) to 18.8 kJ mol -1 (SCS-MP3 for the BHPE13 dataset). For the BH76 database, MP3 and SCS-MP3 obtain RMSDs of 18.5 and 21.6 kJ mol -1 , respectively with the A'VQZ basis set.
• The cost-effective CCSD(T)/CBS(MP2) method shows outstanding performance for all the datasets with RMSDs of 2.1 (IACBH8), 3.4 (BHPE13), 1.8 (WCPT27), and 1.6 kJ mol -1 (BH76).
With regards to the overall performance of the considered methods for thermochemistry and kinetics (excluding the W4-11 and BH76 datasets), we draw the following conclusions:
• The MP2.5 method provides excellent overall performance (with WTRMSD = 3.4 kJ mol -1 ) and even outperforms the MP4 and CCSD methods (with WTRMSDs = 4.2 and 5.0 kJ mol -1 , respectively).
• The other MP2-and MP3-based methods (MP2, SCS-MP2, MP3, and SCS-MP3) show poorer overall performance with WTRMSDs ranging between 4.7 (SCS-MP2) and 7.1 kJ mol -1 (MP2).
• The modified MP4-based methods (MP3.5 and MP4 avg ) show better performance than MP4 at no additional computational cost. In particular, the MP3.5 procedure shows stellar performance with a WTRMSD of 1.9 kJ mol -1 , which is the same WTRMSD obtained for the CCSD(T) method in conjunction with the same basis set.
Appendix A. Supplementary data
The MSD values of MPn-based methods (n = 2, 3, and 4) for the tested datasets (Table S1) ; overview of basis set convergence for the W4-11 database (Table S2) ; statistical analysis for the performance of the considered methods in conjunction with the cc-pVDZ or A'VDZ basis set for the C 8 H 8 isomers (Tables S3) , H x C y O z isomers (Tables S4), DIE60 isomers (Tables S5), EIE60 isomers (Tables S6), C n H 2n+2 conformers (Tables S7), C n H 2n+2 conformers (Tables S8), IACBH8 reaction barrier heights (Tables S9), BHPE13 reaction barrier heights (Tables S10), and WCPT27 reaction barrier heights (Tables S11); statistical analysis for the performance of the tested ab initio methods in conjunction with the A'VnZ basis sets (n = D and T) for the BH76 database (Table S12) ; WTRMSDs for all the 11 databases (Table S13) ; optimal coefficients for the MP3.5 and MP4 avg methods for each of the databases (Table S14) ; and full references for Gaussian 09 (Ref. [45] ) and Molpro 2012 (Ref. [44] ).
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